Object. The goal of this study was to determine the tensile strength of cranial pia mater. Methods. Samples of isolated bovine cranial pia mater were subjected to quasistatic traction to evaluate its tensile strength. The experimental curves of physiological deformation that were obtained can be subdivided into three parts that represent different mechanical properties: the nonlinear initial part of the curve demonstrates increasing stiffness, followed by a quasilinear pattern of elastic behavior, and finally a negative relationship (slope) between force and elongation, which characterizes a progressive deterioration. These three steps precede final sample rupture. The stiffness of the pia mater was calculated for both the initial and the linear (elastic) parts of the mean curve. The initial part and the elastic part of the curve show a typical stiffness value of 0.024 N/mm and 0.19 N/mm, respectively. The maximal mean force and corresponding maximal deformation that were attained were 1.1 N and 0.19, respectively.
T is already common to use computer modeling and simulation for a better understanding of the pathophysiology of neurological complications that typically accompany endogenous space-occupying processes or head trauma. Accordingly, thanks to recent developments in medical imaging and informatics, progress has been made. On the other hand there is obviously a lack of basic knowledge about the in vivo material properties of the involved brain tissue. This is a serious drawback because precise data on the in vivo tissue properties is mandatory for reliable modeling and simulation as well as for a better understanding of mechanical tissue behavior under normal physiological conditions and in the presence of pathological deviations.
In this paper we focus on the often neglected pia mater as a viscoelastic membrane. On the basis of our observations we infer that this membrane may have an important impact on all cerebral mechanical properties, which also include pathophysiological processes such as secondary brain injury. Secondary brain injuries can be caused by endogenous space-occupying processes or by head trauma-induced elevations in intracranial pressure (cerebral edema) and related herniations. The actual type, dynamics, and shape of this distortion of midline brain structures can only be explained satisfactorily if the viscoelastic membrane that surrounds the soft gray and white matter is taken into account. For example, it is a well-known fact that tonsillar herniation occurs regularly in cases of accidental intracranial hypertension, but not in cases of idiopathic hypertension. Salman 7 hypothesized that this may be due to a change in brain stiffness, which could be explained straightforwardly by a change in the tensile strength of the pia mater.
Similarly, this holds for a diagnosis of crescent-shaped extraaxial fluid collections, which are observed to be diffusely spread over the hemisphere in cases of subdural hematoma, in contrast to "biconvex" extraaxial fluid collections, which constitute an epidural hematoma. If we take into account that the membrane covering the soft gray and white matter is elastic, the different observable manifestations become evident. 9 The effects on the brain of penetrating low-velocity injuries as well as those of high-velocity injuries, such as lesions produced along the direct local track of a bullet, depend, to a certain degree, on the material properties of such a membrane. These properties must also be taken into account when considering the size and shape of the cavity that is produced by these injuries. 1 From the therapeutic point of view, recent advances in computer-aided intracranial surgery have created a need for quantitative data on the mechanical properties of brain tissue, which can be entered into appropriate models for simulation purposes. In robot-based surgery it is mandatory to have precise knowledge about the deformation that will result from an applied force. 4 Brain tissue has been extensively studied under the conditions of compression, 4 traction, 5 and shearing. 2 Nevertheless, to the best of our knowledge, the membrane enveloping the brain hemispheres-the pia mater-has so far not been studied independently, although it has been tested indirectly, by Miller and Chinzei, 4,5 as a part of cylindrical brain-matter samples that were investigated during compression.
As far as we know, there is only one publication that offers a description of experiments on samples of spinal pia mater that have been stretched. 8 In that paper the author concludes that the tissue is moderately elastic. These results are only qualitative, however, and any extrapolation of them to cranial pia mater may not be justified.
We tested samples of cranial pia mater in vitro under quasistatic traction to quantify the elastic properties of this special tissue while ignoring any viscous behavior. While determining the mean stiffness of these samples we found that this tissue exhibits a rather stiff, elastic behavior, which agrees with the findings of Tunturi 8 on spinal pia mater.
Materials and Methods

Mechanical Apparatus
Samples were tested in a traction machine (G.T. Test, model 108; TesT GmbH, Erkrath, Germany). Each sample was clamped between two homemade planar jaws. To prevent dehydration during the experiment, we constructed a device composed of two chambers that are linked by a humidified air circuit. In Chamber A ( Fig. 1 ) humidified air is generated using a stirring hotplate (magnetic stirring hotplate, model MR 3003 control; Heidolph Instruments GmbH & Co. KG, Schwabach, Germany) that warms a tank filled with water to 69˚C. The temperature in the tank is regulated with the aid of a temperature sensor (model Pt 1000; Heidolph Instruments GmbH & Co. KG). Chamber A is linked to Chamber B by an air circuit and a microcomputer fan is used to create a flow of humidified air between the two chambers. The experiments were performed in Chamber B at a temperature approximating 25˚C. To acquire the initial and final geometries of the sample, two digital photographs were obtained, respectively.
Specimen Preparation
Bovine brain was chosen as a model. Six brains (mean age of the animals at death 45 Ϯ 28 months; mean brain weight 364 Ϯ 29 g) were harvested in a slaughterhouse, after which they were immediately placed into a 0.9% saline solution. To preserve the properties of the brains and to avoid any damage to them, such as that caused by the blow usually delivered in this slaughterhouse to render cows unconscious before they are killed, we used only brains that were harvested from animals killed in accordance with specific religious rules (throat cutting). Brains were transported to the laboratory and placed in a refrigerator (4˚C) until experiments were performed within 6 to 16 hours after death.
Qualitative regional and mean interindividual properties were investigated. Rectangular samples of pia mater were excised from the posterior and middle parts of the brain. Figure 2 upper shows the locations of samples selected for both the qualitative regional and interindividual studies. Four samples were cut from the first brain.
From each of the other five brains only one sample was cut from the posterior part of the right hemisphere.
The following procedure is used for sample preparation. A paper rectangle measuring 35 ϫ 95 mm is placed on the pia mater covering the intact hemisphere. A slice of brain is cut along the edge of the paper by using a scalpel. The paper-brain slice is then placed in a 0.9% saline solution, which prevents dehydration and causes adhesion between the pia mater and the paper. The brain matter is carefully removed from the paper-pia mater rectangle. This manipulation is facilitated by the fact that brain matter exhibits a very weak and viscous mechanical behavior compared with pia mater, which is much stiffer. The sample of paper and pia mater is placed between the homemade jaws of the traction machine at a distance of 41 mm, which corresponds to the initial length used for deformation calculation. The main advantages in choosing paper for this purpose are that direct manipulation of the pia mater is avoided and distortion of the tissue is prevented when it is placed in the testing apparatus. The paper is now removed from the pia mater. This is possible because the paper has become weakened by the water and can easily be separated from the pia mater without damaging the sample. This procedure provides rectangular samples of pia mater preparations measuring up to 35 ϫ 95 mm, which can be placed directly in the testing chamber for further evaluation. Calculation of the mechanical parameters is based on this initial geometry.
Tissue Testing
The testing protocol is divided into three steps: first, the sample is placed in the testing chamber; second, it is precycled as advocated by Fung 3 (100 mm/minute, five cycles) to obtain a well-defined mechanical state before beginning the traction experiments; and third, it is quasistatically stretched (0.5 mm/minute) until it ruptures. The extent of elongation at rupture is calculated as the elongation corresponding to the maximum force that can be measured. After the maximal force has been reached, the samples progressively rupture.
Quantitative Analysis
To quantify the elastic properties of the samples, we calculated their stiffness. Pia mater is a thin and vascular membrane. Thus it has not been possible to calculate the classic Young modulus because, due to the vascular network, its transversal surface cannot be precisely determined.
The behavior of pia mater under traction resembles that of ligament. 3 That is why we calculated two mean stiffnesses: one corresponding to the initial slope of the mean curve and the second corresponding to the slope of the linear part of the curve. The stiffness of the initial slope and that of the elastic part were calculated using linear regression (r 2 Ն 0.99 for the initial part of the curve and r 2 Ͼ 0.995 for the linear elastic part). The average load and strain at membrane rupture were also measured. Figure 2 lower shows a typical sample of pia mater before and after the traction experiment. The shapes of the samples were not exactly rectangular; the vertical sides were concavely deformed slightly inward. Figure 3 upper provides the whole set of acquired curves and demonstrates test reproducibility. Figure 3 lower shows the mean curve, which can be subdivided in three parts: a nonlinear initial part of the curve that demonstrates increasing resistance against deformation, followed by a nearly linear portion of constant slope and, finally, a progressive upward bend caused by deterioration of the membrane. The final rupture of the sample is not represented in the curve. In some samples we observed an intermediary crack before the maximal force was reached. Intraindividual differences in curves (shown by comparing the thin curves in Fig. 3 upper) demonstrated a relatively small variation in the properties of the pia mater within one brain. The calculated maximal load and corresponding strain were equal to 1.1 N Ϯ 19% and 0.19 Ϯ 8%, respectively (mean values Ϯ relative standard deviations [coefficients of variation]). Stiffness was calculated from the mean results and equalled 0.024 N/mm for the initial part of the curve and 0.19 N/mm for the second (elastic) part.
Results
Discussion
Our initial observation of a pronounced change in the mechanical properties of a whole brain after withdrawal of the thin enveloping pia mater membrane piqued our interest in this brain tissue, which so far has rarely been investigated. One reason for this neglect may be due to the problems encountered when harvesting representative samples in a reproducible manner and introducing them into an appropriate experimental setup for evaluation. We believe that our approach to harvesting and handling this fragile, quasi-two-dimensional tissue is a promising one. The crucial point of this method is the adhesion of a deformable mechanical support to the outside of the intact brain, which initially can adhere to the external pia mater and yet can be easily withdrawn after membrane isolation. Obviously, we found an appropriate material in a neutral paper, which ad-heres well to humid surfaces while providing a sufficient stability and which weakens in response to increasing humidity. In our experiments this procedure proved to be adequate and relatively easy to accomplish while providing adequate reproducibility of the experimental results. Further efforts have to be taken to verify in detail that the pia mater membrane is neither mechanically nor chemically altered by our procedure.
The three distinct patterns of material behavior observed in our traction experiments and found to be characteristic of this membrane should stem from the obviously heterogeneous histological structure of the pia mater, which is described by Tunturi 8 as a thin membrane constituted of loosely woven bundles and fibers. The bundles-and-fibers network is an important factor that is actualized by a microcirculation network including arterioles and venules. Thus the pia mater can be considered to be an areolar membrane and the classic solid mechanics result known as "stress concentration" can be applied.
During the initial part of the traction experiments, the results show only a very distinct increase in force as a reaction to applied elongation. This fits in very well with the assumption of an initially loose and unordered fiber network, which becomes increasingly ordered without already being stretched. In the second part the fibers, which are now ordered, become stretched. In summary, there is an initial phase of probe elongation, which induces fiber ordering, and a second phase, which is associated with fiber elongation. This provides the most probable explanation of the observed nonlinear properties, which are typical of many biological tissues, even though they are often less pronounced.
The third part is more interesting. The otherwise smooth force-elongation relationship suddenly exhibits stepwise discontinuities. These may be due to cracks and holes, which occur during traction and which are visible in some photographs obtained after traction. Indeed, the areolas may induce a local concentration of stress, implying the appearance of holes long before the global rupture of the sample. We believe that this mechanical property of the membrane is due to the heterogeneous structure of the pia mater because great care was taken not to damage the membrane during preparation, as verified on visual inspection after the membrane had been cut.
The most important and surprising result of this work is that the pia mater membrane is extraordinarily stiff. It may be very interesting to quantify the action it exerts on the whole brain. As previously mentioned, we observed that the brain-pia mater interface was much stiffer before removal of the membrane. Here it would be also of interest to investigate further the role that the dense vascular network plays in the intrinsic stiffness of the membrane.
To estimate the stiffness of the pia mater more definitively, we compared it with that of the dura mater, which is another important intracranial membrane. The elasticity of human dura mater under traction has already been evaluated by Sacks, et al. 6 The curves they obtained exhibit the same characteristic S-shape as we obtained for pia mater. Those researchers calculated a tangent elastic modulus for this membrane that corresponds to the quasilinear part of the curve that we found. To be able to compare the two different membranes we determined the mean value from their experiments, which equals 70 MPa. Based on this mean value, we calculated the stiffness of a virtual, rectangular sample of dura mater that would have the same length and width as our samples of pia mater. The stiffness for the virtual sample of dura mater is 11.4 N/mm, which is approximately 60 times the value we found for pia mater. This shows that, even when compared with dura mater, the stiffness of pia mater is significant, which reinforces the most probable role of the pia mater in cranial biomechanics.
We believe that our findings may be important for the modeling and simulation required by computer-aided surgery and medical robotics. It makes a big difference if one only has to cut relatively homogeneous (brain) matter or if one has to overcome the initial high resistance of a relatively stiff membrane only to encounter the subsequently small resistance of soft tissue. This is why we think that the properties of the pia mater have to be taken into account as well as those of other types of tissue, including brain matter, cerebrospinal fluid, dura mater, and so forth, which will influence deformation and loss of stereotactic accuracy in the clinical setting.
Conclusions
Cranial pia mater was tested while stretched under quasistatic traction. Although very thin and apparently fragile, it exhibited stiffness. On the basis of our results one can hypothesize that pia mater might significantly increase the overall stiffness of the brain. Pia mater may play a significant role in brain biomechanics, and it will be especially important to determine a constitutive law based on a comparison of stress and strain curves.
